Noncoding RNAs (ncRNAs) are now recognized as transregulators of eukaryotic transcription, a role once attributed exclusively to protein factors. Two ncRNAs in mammalian cells have been shown to repress general mRNA transcription by RNA polymerase II (Pol II) in response to heat shock: mouse B2 RNA and human Alu RNA. B2 and Alu RNAs bind directly and tightly to Pol II and co-occupy the promoters of repressed genes along with the polymerase. Here, we identified the molecular mechanism by which mouse B2 RNA and human Alu RNA repress Pol II transcription. Biochemical assays to probe the network of protein-DNA interactions at the promoter revealed that B2 and Alu RNAs prevent Pol II from establishing contacts with the promoter both upstream and downstream of the TATA box during closed complex formation. Disruption of these contacts correlates with transcriptional repression. We conclude that B2 and Alu RNA prevent Pol II from properly engaging the DNA during closed complex formation, resulting in complexes with an altered conformation that are transcriptionally inert. In the absence of its normal contacts with the promoter, Pol II is likely held in these inactive complexes on DNA through interactions with promoter-bound TATA box-binding protein and transcription factor IIB.
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noncoding RNA ͉ closed complex ͉ open complex T ranscription is an intricate biological process in which DNA is copied into RNA; it is the critical first step in gene expression. In eukaryotes, the enzyme RNA polymerase II (Pol II) transcribes protein-encoding genes into mRNA with assistance of general transcription factors (GTFs; specifically TFIIA, TFIID, TFIIB, TFIIF, TFIIE, and TFIIH) that are thought to function at most promoters (1) . Transcriptional regulation of specific genes occurs through the remarkably balanced interplay of auxiliary factors such as promoter-specific activators and repressors, coregulators, and chromatin-modifying complexes (1) . Traditionally, it was thought that all of these factors were proteins, but now it is becoming clear that noncoding RNAs (ncRNAs) also play important roles in regulating transcription. Indeed, diverse ncRNAs have been identified as regulators of nearly every step in the process of mRNA transcription from controlling chromatin structure through regulating transcript elongation (2) .
Our laboratory reported that 2 ncRNAs, mouse B2 RNA and human Alu RNA, repress mRNA transcription by binding to Pol II during the cellular heat shock response (3, 4) . B2 and Alu RNAs are transcribed by RNA polymerase III from short interspersed elements (SINEs) (5) . Upon heat shock, the levels of B2 RNA and Alu RNA increase (6, 7) and they function as general repressors of mRNA transcription (3, 4) . Biochemical experiments showed that B2 and Alu RNAs bind directly to core Pol II with low nM affinity (4, 8) . Other SINE RNAs have been identified in mammalian cells, including mouse B1 RNA and human scAlu RNA (5), the latter of which is likely derived from cleavage of full-length Alu RNA (9) . The biological functions for B1 and scAlu RNAs are not known. In vitro both of these ncRNAs bind tightly to Pol II; however, they do not repress transcription (4) .
Understanding the mechanisms by which B2 RNA and Alu RNA repress Pol II transcription would provide insight into this relatively new means of transcriptional control by 2 ncRNAs that are very different in sequence and overall secondary structure, yet share the same biological function. EMSAs showed that complexes containing Pol II, GTFs, and B2 RNA or Alu RNA can assemble on promoter DNA (4, 8) . The polymerase in these complexes is transcriptionally inactive; all RNA synthesis is repressed. Consistent with this biochemical data, in mouse and human cells we found that B2 RNA and Alu RNA co-occupy with Pol II the promoters of repressed genes after heat shock (4). Therefore, B2 RNA and Alu RNA both repress a step in transcription that occurs after Pol II enters complexes at promoters, but before or at the point of initiation; however, the step repressed was not identified.
Fig . 1A shows a model for early steps in the transcription reaction, which provides a framework to determine the point at which B2 RNA and Alu RNA function. Pol II and the GTFs assemble on the promoter DNA to form an organized network of protein-protein and protein-DNA contacts that constitute a closed complex (10) . Before complexes can initiate transcription, the promoter DNA melts around the start site to form the transcription bubble and the template strand enters the active site cleft on Pol II, resulting in open complexes (10) (11) (12) . In vitro this can be facilitated by either the helicase TFIIH or negative supercoiling in the template DNA (13, 14) . Next, transcription initiates and initiation complexes containing short (2-3 nt) RNAs form (13, 15) . B2 RNA and Alu RNA, once incorporated into complexes at promoters, could potentially inhibit the formation of the proper protein-protein and/or protein-DNA contacts in a closed complex, the formation of open complexes, nucleotide binding, or synthesis of the first phosphodiester bond.
The goal of this study was to identify the molecular mechanisms of transcriptional inhibition by B2 RNA and Alu RNA. We found that bypassing open complex formation by using promoters with a premelted transcription bubble did not alleviate transcriptional repression by B2 and Alu RNAs. To investigate how B2 and Alu RNAs affect interactions between proteins and the promoter DNA, we used UV cross-linking and DNase I footprinting. We found that B2 RNA and Alu RNA disrupted contacts between Pol II and the promoter DNA throughout the core promoter. Neither B1 RNA nor scAlu RNA had this effect. Moreover, the inhibitory effect of B2 RNA and Alu RNA was reversible; when RNase I removed the ncRNAs from complexes, contacts between Pol II and the promoter were restored. We conclude that B2 and Alu RNAs assemble into complexes at the promoter and prevent Pol II from establishing proper contacts with the DNA, thus rendering the complexes transcriptionally inert. Fig. 1B Left illustrates transcriptional repression by B2 and Alu RNAs in a highly purified human in vitro transcription system consisting of TATA boxbinding protein (TBP), TFIIB, TFIIF, Pol II, and the adenovirus major late promoter (AdMLP) contained on a negativelysupercoiled plasmid. B1 and scAlu RNAs, included as negative controls, do not repress transcription. B2 and Alu RNAs repress transcription at a step occurring before or at the point of initiation (4, 8) . Therefore, we considered the possibility that one or both of the ncRNAs inhibits promoter melting (formation of open complexes in Fig. 1 A) . We tested the ability of B2 RNA and Alu RNA to repress transcription from a heteroduplex promoter template, a linear template containing a mismatched region from Ϫ9 to ϩ3 that simulates the bubble in an open complex (16) . The presence of a preformed bubble alleviates the requirement for either TFIIH or negative superhelicity to observe promoter-specific transcription. We reasoned that if B2 RNA or Alu RNA represses transcription by blocking promoter melting, then the presence of the Ϫ9 to ϩ3 bubble should abrogate transcriptional repression by the ncRNA. Promoter DNA. We next tested whether B2 and/or Alu RNA blocked transcription before open complex formation by preventing Pol II from establishing contacts with the promoter DNA within assembled complexes. To do so we monitored how the ncRNAs changed site-specific Pol II-DNA cross-linking. We constructed 5 32 P-labeled AdMLP DNA fragments, each containing a single photoactivatable phenyl-azide located between positions Ϫ50 and Ϫ49, Ϫ36 and Ϫ35, Ϫ6 and Ϫ5, ϩ1 and ϩ2, or ϩ3 and ϩ4, all of which were found to cross-link to the Rpb1 and/or Rpb2 subunits of Pol II (17) . On each of the DNA fragments we formed complexes containing TBP, TFIIB, TFIIF, and Pol II in the presence and absence of ncRNAs, UVirradiated, and monitored cross-linking to the Rpb1 and/or Rpb2 subunits of Pol II. Because the complexes were assembled on linear DNA in the absence of TFIIE and TFIIH, promoter melting and open complex formation could not occur; hence these conditions allowed us to determine the effects of B2 and Alu RNAs on closed complex formation.
In the absence of B2 or Alu RNA, we observed cross-linking of the Rpb1 and/or Rpb2 subunits of Pol II to each template ( Fig.  2) , all of which we determined were TBP dependent. When B2 RNA or Alu RNA was present, the efficiency with which Rpb1 and Rpb2 cross-linked to all of the DNAs substantially decreased. Notably, B1 RNA and scAlu RNA did not appreciably affect the extent of cross-linking. These data show that Alu RNA and B2 RNA disrupt specific contacts between Pol II and promoter DNA at distinct positions from Ϫ50 to ϩ4 on the AdMLP. Moreover, the disruption of cross-linking correlates with the ability of an ncRNA to repress transcription, the ncRNAs that repress transcription inhibit cross-linking, whereas the ncRNAs that bind Pol II but do not repress transcription do not inhibit cross-linking.
In previous work (4, 8) we showed that B2 and Alu RNAs inhibit transcription only when added to reactions before the assembly of complexes on the promoter; when ncRNAs were added to promoter-bound complexes containing Pol II and the general factors, inhibition was not observed. Additionally, we found that transcriptional repression by B2 RNA is reversible; when complexes were assembled in the presence of B2 RNA, then treated with RNase I to remove the B2 RNA, Pol II transcriptional activity was restored (8) . We next tested whether inhibition of Pol II/DNA cross-linking correlated with these aspects of transcriptional repression. The schematic in Fig. 3A shows how reactions were assembled, with the inhibitory ncRNAs added at either the Ϫ5-min or 15-min time point (before or after closed complex formation, respectively). As shown in Fig. 3B , when B2 RNA (Upper) or Alu RNA (Lower) was added to reactions after closed complex had formed (15-min point), neither RNA affected cross-linking of Rpb1 or Rpb2 to DNA. Inhibition of cross-linking when the ncRNAs were added before closed complex formation (Ϫ5-min point) is shown as a positive control. Moreover, this inhibition is reversible; when either ncRNA was added to reactions before closed complex formation, then reactions were later treated with RNase I, cross-linking was restored. We conclude that the ability of B2 and Alu RNAs to inhibit specific cross-links between Pol II and the promoter correlates with their ability to repress transcription; both can occur only when the ncRNAs are added to reactions before the formation of closed complexes and both are reversible by RNase treatment.
B2 RNA and Alu RNA Significantly Alter the Conformation of Complexes at the Promoter. The cross-linking data show that B2 RNA and Alu RNA prevent Pol II from contacting the DNA at several positions. To obtain a broader view of the extent to which the ncRNAs disrupt protein-DNA contacts, we used DNase I footprinting (Fig. 4) . We began by establishing conditions to observe a footprint of closed complexes on the AdMLP that contained TBP, TFIIB, TFIIF, and Pol II. TBP alone and the combination of TBP/TFIIB protected a relatively small region from Ϫ38 to Ϫ17 (Fig. 4 , lanes 2 and 3 compared with lane 1). Including Pol II/TFIIF in the reactions resulted in additional protections extending from approximately Ϫ60 to ϩ10 (Fig. 4 , compare lanes 8 and lane 3). Addition of Pol II/TFIIF also enhanced the level of protection observed in the TATA box region. The extended footprint observed with all 4 factors required Pol II (Fig. 4, compare lanes 6 and 8) , and when TBP was omitted, the remaining 3 factors caused no protection of the promoter DNA (Fig. 4, lane 4) . The bands in several lanes were quantitated, and their intensities were plotted versus position on the gel (Fig. S1 ). When B2 RNA was added to reactions before assembly of closed complexes, it dramatically changed the footprint (Fig. 4 , compare lanes 9 and 8; these footprints are also compared in the middle plot of Fig. S1 ). In the presence of B2 RNA and all 4 factors, the footprint looked surprisingly similar to that observed with just TBP and TFIIB (Fig. 4 , compare lanes 9 and 3; these footprints are also compared in the right plot of Fig. S1 ). The regions normally protected by Pol II/TFIIF (Ϫ60 to Ϫ38 and Ϫ18 to ϩ10) were not protected when complexes were assembled in the presence of B2 RNA. Importantly, B2 RNA also caused enhanced DNase I cleavage at 2 positions (Ϫ48 and Ϫ14) and did not completely eliminate protection at positions Ϫ20 and Ϫ8. In addition, the enhanced protection of the TATA box region caused by Pol II/TFIIF is maintained in the presence of B2 RNA. These features of the footprint not only depended on the presence of B2 RNA, but required Pol II (Fig. 4 , lane 7 versus lane 9) and TBP (Fig. 4 , lane 5 versus lane 9), indicating that all 3 of these factors are present in the complex footprinted in Fig.  4 , lane 9. We conclude that complexes assembled in the presence of B2 RNA contain all of the factors and have an altered conformation caused by the presence of the ncRNA, which allows increased accessibility of DNase I to the promoter in regions upstream and downstream of the TATA box. This increased accessibility to DNase I is likely the result of Pol II not properly contacting promoter DNA, which is consistent with the UV cross-linking results (Figs. 2 and 3) . We next tested whether the effect of B2 RNA on the DNase I footprint of a closed complex correlates with transcriptional repression. We performed additional experiments comparing the effect of B2 RNA with that of B1 RNA. In both cases, the ncRNAs were added to reactions either before or after closed complexes had formed, and in some reactions, complexes were treated with RNase I before footprinting. B2 RNA only affected the DNase I footprint of a complex under conditions in which transcriptional repression is known to occur (Fig. 5) . The footprint of a closed complex is shown in Fig. 5 , lane 3 and the effect of B2 RNA, when added to reactions before complexes form, is shown in Fig. 5 , lane 4 (see Fig. S2 A for a plot comparing these footprints). These data are similar to those described for Fig. 4 in which B2 RNA causes regions upstream and downstream of the TATA box to be susceptible to DNase I cleavage, while simultaneously causing enhancements at positions Ϫ48 and Ϫ14. By contrast, when B2 RNA was added to reactions after closed complexes had formed on the promoter, very little change in the footprint of the closed complex was observed (Fig.  5 , lane 5 versus lane 3, and the middle plot of Fig. S2 A) . A similar result was obtained when complexes containing B2 RNA were treated with RNase I: this footprint looked nearly identical to that of the closed complex formed in the absence of B2 RNA (Fig. 5, lane 6 versus lane 3) . Last, including B1 RNA in reactions did not substantially change the footprint under any of the conditions tested (Fig. 5 , compare lanes 3 and 7 to lanes 8-10; the plot on the right in Fig. S2 A compares the footprints in Fig.  5, lanes 3 and 8) . We also performed DNase I footprinting experiments on complexes assembled in the presence of Alu RNA or scAlu RNA. As shown in Fig. S2B , the effects of Alu RNA and scAlu RNA mirror those of B2 RNA and B1 RNA, respectively. We conclude that the arrangement of protein-DNA contacts that occurs under conditions where B2 RNA or Alu RNA inhibit transcription results in transcriptional repression; this altered arrangement does not occur with an ncRNA that does not repress transcription.
The DNase I footprinting data show that when complexes are assembled in the presence of B2 or Alu RNA, the ncRNA blocks the interaction of Pol II with promoter DNA; however, the protection over the TATA box region remains unchanged, indicating that TBP and perhaps TFIIB maintain interactions with promoter DNA in the presence of B2 and Alu RNAs. We directly probed for the effect of these RNAs on promoter/TBP and promoter/TFIIB contacts within inhibited complexes using site-specific UV cross-linking (17) . As shown in Fig. 6A , the extent of TBP/promoter cross-linking at 2 positions in the TATA box was unchanged in complexes assembled in the presence of inhibitory RNAs (B2 RNA or Alu RNA) and noninhibitory RNAs (B1 RNA or scAlu RNA). Therefore, TBP is indeed present in inhibited complexes, and the manner in which it interacts with DNA is not affected by the ncRNAs. To monitor TFIIB/promoter interactions, we used a promoter that crosslinks to either TFIIB or the Rpb1 subunit of Pol II (the photoactivatable group was between positions Ϫ18 and Ϫ19).
Interestingly, B2 RNA and Alu RNA significantly enhanced cross-linking to TFIIB, while inhibiting cross-linking to Rpb1 (Fig. 6B) . This effect was specific to the inhibitory ncRNAs because B1 RNA and scAlu RNA did not affect either the TFIIB or Rpb1 cross-link. We conclude that complexes assembled in the presence of repressor ncRNAs have an altered conformation that enhances TFIIB/promoter contacts while disrupting Pol II/promoter contacts.
Discussion
Here, we investigated the mechanism by which mouse B2 RNA and human Alu RNA repress Pol II transcription. We first used a premelted template to bypass open complex formation and found that B2 and Alu RNAs still repressed transcription. Cross-linking and DNase I footprinting revealed that B2 and Alu RNAs change the molecular structure of the complex that assembles on a promoter; namely, they prevent Pol II from establishing many of its contacts with the DNA. Disruption of these contacts correlates tightly with transcriptional repression. Moreover, Pol II remains associated with promoter DNA in the presence of B2 and Alu RNAs, despite the lack of polymerase-DNA contacts. We conclude that B2 RNA and Alu RNA block the formation of closed complexes, thus resulting in transcriptional repression, as depicted in the model in Fig. 7 . Closed complexes cannot properly form because B2 RNA and Alu RNA block interactions between Pol II and the promoter, which are essential for transcriptional activity. Both RNAs inhibited cross-linking between the 2 largest subunits of Pol II at all positions in the promoter tested. Both RNAs also largely eliminated the protection of promoter DNA from DNase I that is normally caused by the presence of Pol II/TFIIF in closed complexes, leading to a footprint that looked strikingly similar to that of TBP/TFIIB bound to the promoter. By contrast, B1 RNA and scAlu RNA, ncRNAs that in vitro bind Pol II but do not repress transcription, did not appreciably affect either crosslinking of Pol II to DNA or the DNase I footprint. Hence, the ability to inhibit the interaction of Pol II with promoter DNA is specific for repressor ncRNAs.
Although closed complexes cannot form in the presence of B2 and Alu RNAs, the inhibited complexes that do form (RP⅐ncRNA) appear to contain, in addition to the ncRNA, all of the protein factors and promoter DNA despite the lack of polymerase/promoter contacts. In the DNase I footprinting experiments, B2 and Alu RNA caused enhancements of bands at Ϫ48 and Ϫ14, and these enhancements required both TBP and Pol II, indicating that the ncRNA and both protein components are present in the inactive complexes. In addition, TBP/promoter and TFIIB/promoter cross-links were maintained in the presence of B2 or Alu RNA. Moreover, our previous EMSA studies showed that observing promoter-bound complexes containing B2 RNA or Alu RNA required Pol II and each general factor (4, 8) . It is likely that Pol II is held in the inhibited complexes via its contacts with promoter-bound TBP/TFIIB. We found that B2 RNA blocked the assembly of artificial elongation complexes containing Pol II bound to an RNA:DNA hybrid (18) . In the studies presented here, B2 RNA did not block complexes from assembling on promoter DNA despite the lack of promoter/Pol II contacts. This contrast can be explained by the presence of GTFs, which provide a network of interactions that hold inhibited complexes on the promoter in the absence of Pol II-DNA contacts. Such a network of contacts was not present during the assembly of the artificial elongation complexes (18) . Interestingly, Escherichia coli 6S RNA has been shown to block bacterial RNA polymerase from binding promoter DNA (19) . Here, we found that binding of an inhibitory ncRNA to Pol II also prevented interaction with promoter DNA; however, in the eukaryotic system the interactions between Pol II and the GTFs allowed complexes that contained promoter DNA to form. The single-stranded region of 6S RNA can engage the active site of bacterial RNA polymerase and serve as a template for synthesis of short RNA transcripts, which functions to derepress transcription (19) . Future studies will likely reveal whether an analogous regulatory mechanism can occur with B2 and Alu RNAs.
Previously, we showed that B2 RNA and Alu RNA were unable to repress transcription when added to complexes that were preformed on the AdMLP contained on negativelysupercoiled DNA (4, 18) . The complexes formed under these conditions were likely open complexes because they were transcriptionally active. The results presented here show that closed complexes are also resistant to the effects of B2 RNA and Alu RNA; addition of either RNA to closed complexes did not affect cross-linking or DNase I footprinting. Moreover, our data show that the ncRNA is not able to invade closed complexes once Pol II has engaged the DNA. In addition, once closed complexes form they are kinetically stable; if the reverse reaction occurred to an appreciable extent, B2 or Alu RNA would have blocked Pol II from re-engaging the promoter.
That B2 RNA and Alu RNA have apparently identical mechanisms of repression is somewhat surprising, given that these 2 ncRNAs are not similar in sequence or overall secondary structure (4, 18) . The regions of B2 RNA and Alu RNA that bind to Pol II (Pol II binding domains) and those that repress transcription (repression domains) are distinct from one another (4, 18) . For example, the Pol II binding domain of B2 RNA can bind Pol II and assemble into complexes at promoters, yet it does not repress transcription (18) . Similarly, B1 RNA and scAlu RNA bind tightly to Pol II, but lack repression domains (4) and, as shown here, these ncRNAs do not interfere with Pol II/DNA contacts. Therefore, our data support a model in which it is the repression domains of B2 RNA and Alu RNA that exclude polymerase-promoter contacts. A crystal structure of a synthetic RNA aptamer that binds yeast Pol II and represses transcription shows that a region of the aptamer forms a double stem-loop structure in the DNA binding cleft of Pol II, which would preclude the template DNA strand from entering the cleft (20) . The data presented here are consistent with a model whereby the repression domains of B2 and Alu RNAs block transcription by interacting with the DNA cleft of Pol II in a manner similar to the synthetic aptamer. Our data, however, also indicate that B2 and Alu RNAs cause a loss of Pol II contacts with DNA upstream of the TATA box, which is thought to be outside of the DNA binding cleft (21) . Future studies will be needed to determine both where on the polymerase the Pol II binding domains of B2 RNA and Alu RNA dock and whether their repression domains indeed contact the DNA binding cleft.
Finding that B2 and Alu RNAs allow the formation of complexes on a promoter despite preventing the polymerase from engaging the DNA raises the possibility that such complexes form in cells and provides an intriguing means by which to regulate gene-specific transcription. We have found in heatshocked cells that B2 RNA or Alu RNA, along with Pol II, occupy the promoters of repressed genes (4) . Given the mechanism of repression described here, it is likely that Pol II has not engaged the DNA at these promoters. Moreover, in vitro removing the ncRNAs from complexes by RNase treatment restored contacts between Pol II and the promoter, thereby making these complexes transcriptionally active. A new mechanism for controlling gene-specific transcription in cells might exist whereby a factor that removes an ncRNA repressor would activate a prerecruited Pol II. Future studies will determine whether this type of regulation occurs and how widespread it may be in mammalian cells.
Materials and Methods
Plasmid Construction and RNA Preparation. Construction of pUC-T7-B2, pUC-T7-B1, pUC-T7-Alu, and pUC-T7-scAlu, which encode B2 RNA, B1 RNA, Alu RNA, and scAlu RNA, respectively, was as described (3, 4) . The ncRNAs were made by using in vitro transcription by T7 RNA polymerase as described (3).
In Vitro Transcription by Pol II. Recombinant human TBP, TFIIB, TFIIF, and native human Pol II were prepared as described (22) . DNA templates consisted of either negatively-supercoiled plasmid containing the AdMLP (Ϫ53 to ϩ10) fused to an 90-bp G-less cassette or an 88-bp linear DNA containing the AdMLP with a mismatched region from Ϫ9 to ϩ3 to create a transcription bubble. Reactions (20 L) were assembled as described (18) . Briefly, factors were used at the following final concentrations: 3.5 nM TBP, 10 nM TFIIB, 2 nM TFIIF, 1-3 nM Pol II, and 1 nM DNA template. DNA templates were preincubated with TBP at 30°C for 4 min. TFIIB, TFIIF, Pol II, and ncRNA (when included) were incubated together in a separate tube at 30°C for 4 min. The contents of these 2 tubes were mixed and incubated at 30°C for 20 min to allow complexes to form, and then nucleotides were added to initiate transcription. Reactions were stopped after 20 min and RNA was resolved by denaturing PAGE.
Derivatized Promoter DNA Fragments. The promoters used in Fig. 2 contained the AdMLP from Ϫ59 to ϩ24 with a single phosphorothioate linkage. The modified linkages were contained within 5Ј end-labeled PCR primers such that the products contained phosphorothioates between the following positions: Ϫ50 and Ϫ49 (nontemplate strand), Ϫ36 and Ϫ35 (nontemplate strand), Ϫ6 and Ϫ5 (template strand), ϩ1 and ϩ2 (template strand), and ϩ 3 and ϩ4 (template strand). The promoters used in Fig. 6 were assembled from annealed oligonucleotides (Invitrogen) containing single phosphorothioates between positions Ϫ27 and Ϫ28 (template strand), Ϫ26 and Ϫ27 (nontemplate strand), and Ϫ18/Ϫ19 (nontemplate strand). The phosphorothioates were derivatized with azidophenacyl bromide (AzBr) by incubating Ϸ500 ng of each DNA with 6 mM AzBr in a buffer containing 57% methanol and 35 mM potassium phosphate (pH 7.2) overnight in the dark at room temperature (23) . Derivatized DNA was ethanol-precipitated; the efficiency of the derivatization reactions was 90% or more. EMSAs established that the derivatized promoter DNA fragments formed complexes with Pol II and the GTFs similarly to the underivatized promoter.
Site-Specific Protein-DNA Photocross-Linking. Buffer conditions and concentrations of TFs were identical to those used for in vitro transcription, except DTT was omitted and the DNA template was 2 nM. Complexes (with or without ncRNAs) were formed at 30°C in 20-L reactions contained in polystyrene microcentrifuge tubes. The tubes were placed inside 13 ϫ 100-mm borosilicate glass culture tubes to eliminate radiation with wavelengths Ͻ290 nm, then were UV-irradiated for 3 min at room temperature (Ϸ3,000 W/cm 2 ) using a Stratagene UV Stratalinker 1800 equipped with 6 312-nm UV bulbs. After UV irradiation, bands were resolved by 5% SDS/PAGE and visualized with Phosphorimagery.
DNase I Footprinting. DNase I footprinting was performed with a PCRgenerated DNA fragment containing the AdMLP from Ϫ78 to ϩ24 and a 32 P-label on the 5Ј end of the template strand. Buffer conditions and concentrations of TFs were identical to those used for in vitro transcription, except the DNA template was 0.5 nM. After forming complexes (with or without ncRNA), DNase I footprinting was performed by adding 2 L of a solution containing 0.03 unit/L of DNase I and 10 mM CaCl2 for 1 min at 30°C. The reactions were stopped and processed as described (24) .
